Rae1p and Mex67p/Tap are conserved mRNA export factors. We have used synthetic lethal genetic screens in Schizosaccharomyces pombe to identify mutations in genes that are functionally linked to rae1 and mex67 in mRNA export. From these screens, we have isolated mutations in a putative S. pombe homologue of the Candida albicans elf1 gene. The elf1 of S. pombe is not an essential gene. When elf1 mutations are combined with rae1-167 mutation, growth and mRNA export is inhibited in the double mutants. This inhibition can be suppressed by the multicopy expression of mex67 suggesting that Mex67p can substitute for the loss of Elf1p function. Elf1p is a non-membrane member of the ATPbinding cassette (ABC) class of ATPase and the GFPElf1p fusion localizes to the cytoplasm. Elf1p, expressed and purified from Escherichia coli, binds and hydrolyzes ATP. A mutant Elf1p that carries a glycine to aspartic acid (G731D) mutation within the Walker A domain of the second ATP site retains the ATP binding but loses its ATPase activity in vitro. This mutant protein no longer functions in mRNA export. Taken together, our results show that Elf1p functions as a mRNA export factor along with Rae1p and Mex67p in S. pombe.
separates the nucleus from the cytoplasmic compartment. Embedded within the NE are the nuclear pore complexes (NPC) through which nucleo-cytosolic exchanges take place. While small molecules of molecular mass 40 kDa and under can diffuse passively through the NPC, receptor proteins interact with the NPC to mediate the transport of macromolecules (1, 2) . The mature mRNAs are exported out of the nucleus as ribonucleoprotein (RNP) complexes. Concurrent with transcription and splicing, the coordinated assembly of export-competent RNP complexes takes place in the nucleus by association of proteins with the maturing transcripts (3) (4) (5) . In the cytoplasm, the RNP complexes are disassembled to release the mRNA and soluble export factors; the latter return to the nucleus for participating in the next round of mRNA export.
The major components of the mRNA export machinery appear to be evolutionarily conserved. Genetic and biochemical approaches have led to the identification of several conserved export factors, Tap/Mex67p, Rae1p/Gle2p, Gle1, and Dbp5/ RHA from yeasts to metazoans (6 -13) . The molecular mechanism of Mex67p/Tap function in mRNA export is understood in some detail, but how Rae1p/Gle2p function is largely unknown (5, 14) . Nonetheless, there is a close reciprocal relationship between Rae1p and Mex67p in the two yeast systems that may indicate their functional homology and mechanistic similarity. Mex67/Tap are non-␤ karyopherin receptors. They associate with nucleoporins, bind mRNA, and interact with the RNAbinding protein, Aly/Yra1p, to mediate mRNA export (3, 5) . Rae1p, on the other hand, is an NPC-associated, conserved WD-domain protein that is also required for cell-cycle progression at the G 2 /M boundary (8) . While the hRae1p has been shown to bind mRNA and to shuttle between the nucleus and the cytoplasm, these properties have not been demonstrated for its yeast homologues (10, 15) . In S. pombe, Rae1p, but not Mex67p, is essential for growth and mRNA export (16) . A temperature sensitive (ts) rae1-167 mutant rapidly accumulates poly (A) ϩ RNA in the nucleus at restrictive temperatures above 30°C (8) . Moreover, spmex67 expressed from a multicopy plasmid can partially suppress the mRNA export defect of rae1-167 mutation up to a restrictive temperature of 32°C. However, in S. cerevisiae, Mex67p is essential for growth and mRNA export whereas Gle2p is not. These and other observations suggest that at least in S. pombe and likely in S. cerevisiae, the mRNA export machinery may operate more than one mRNA export pathway, consisting of Rae1p-specific, Mex67p-specific, and some shared export factors.
Overall, the nuclear export of mRNA is expected to be an energy consuming process, but no specific step with a link to energy metabolism has been identified yet. Translocation of protein cargo by transportin, an importin ␤-type receptor, has been shown to occur in the absence of Ran or energy (17) . However, several mRNA export factors that possess ATP-hydrolyzing activity have been identified, and the role of energy in the mRNA export process cannot be ruled out. In the nucleus, the splicing factor Sub2/UAP56, a DECD box ATPase, associates with the spliceosome and is involved in recruiting the RNA-binding protein, Yra1/Aly (18 -20) . Both Sub2/UAP56 and Yra1/Aly are part of a conserved protein complex TREX, which is believed to couple transcription and mRNA export processes (21) . The essential, shuttling mRNA export factor, Dbp5p/RHA (RNA helicase A), a DEAD box ATP-dependent * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. RNA helicase, may play a role in the release of mRNA and/or in the disassembly of the RNP in the cytoplasm (12) . However, how ATP hydrolysis is involved in the functioning of Sub2/ Uap56 or Dbp5/RHA is not known. Recently, through genetic interactions with mutations in SUB2, another ATP-dependent DNA, RNA helicase, Rad3p, was implicated in the nuclear export of mRNA (20) . Rix7p, a member of the ATPases associated with a variety of cellular activities (AAA) family of ATPases in S. cerevisiae, has been shown to be an essential protein whose function is required for the assembly and nuclear export of 60 S ribosomal subunits (22) . Since the export-competent RNP goes through several maturation steps, ATPases could function as conformational switches in unidirectional movement, assembly/disassembly of the RNA-protein complexes, and in the unwinding of double-stranded RNA.
In this study, we have described the identification, genetic, and biochemical characterization of the putative S. pombe homologue of the Candida albicans Elf1p (23). In S. pombe, elf1 is not essential. The rae1-167 mutation is linked to mutations in elf1 gene for growth and mRNA export suggesting that Elf1p functions as an mRNA export factor when the function of Rae1p is compromised. The growth and mRNA export-defect associated with elf1 and rae1-167 double mutants can be suppressed by multicopy expression of mex67, suggesting that Mex67p can compensate for the loss of Elf1p function in mRNA export. Elf1p is a member of the ABC class of ATPases. The ABC ATPases are distinguished from other ATPases because in addition to the ATP-binding Walker A and B domains, they also contain a characteristic dodecapeptide linker region between the Walker motifs known as the ABC signature or the C-domain (24) . E. coli-purified Elf1p binds and hydrolyzes ATP in vitro, and this enzymatic activity is essential for its function in mRNA export.
EXPERIMENTAL PROCEDURES
Strains and Culture-Basic cell culture techniques were as described (25, 26) . The strains used in this work are listed in Table I . Appropriately supplemented Edinburgh minimal medium (EMM) medium was used to express genes from the pREP plasmids containing the nmt promoter (27) . The nmt promoter was repressed by the addition of 10 M thiamine in EMM medium (28) .
Synthetic Lethal Screen-rae1-167/pREP81X-rae1 ϩ cells were mutagenized with ethyl methanesulfonate (EMS) as described previously (29) . ⌬spmex67::kan/pREP81X-mex67 ϩ strain (1 ϫ 10 8 cells) was mutagenized with 300 g/ml of nitrosoguanidine (NG) for 1 h, with a 30% survival rate. After three washes with 0.9% solution of sodium chloride, cells were grown for 3 h in 1 ml of EMM medium without leucine. Then the cells were plated onto EMM agar plates without leucine and grown at 27°C. Colonies were replica-plated onto EMM agar plates without leucine containing phloxin B in the presence (mex67 repressed) and absence (mex67 expressed) of thiamine (10 M) and grown at 27°C. Synthetic lethal mutants were identified as those colonies that turned red in the presence of thiamine but remained pink in the absence of thiamine. The synthetic lethal strain SL21 containing a cognate sl21 mutation was isolated from the rae1-167 sl21/pREP81X-rae1 strain and SL1 with its cognate sl1 mutation was isolated from the ⌬spmex67 sl1/pREP81X-mex67 strain.
Identification of elf1 Gene Mutations-SL21 (rae1-167 sl21/ pREP81X-rae1 ϩ ) and SL1 (⌬spmex67 sl1/pREP81X-mex67 ϩ ) were transformed with a partial Sau3A genomic library of S. pombe cloned into the SalI site of pUR19 (30) . Transformants that could grow at 27°C in the presence of thiamine were isolated. Plasmids isolated from these transformants were enriched via E. coli transformation and retransformed into SL strains. Plasmids that rescued synthetic lethality of SL strains were sequenced. A 4.9-kb insert in a plasmid (26-3-1) contained the full elf1 gene. Genomic DNA from SL21 and SL1 were isolated, and the full-length coding region of the elf1-21 and elf1-1 alleles were sequenced. The nonsense mutation CAA to TAA at amino acid 863 (Q863X) was the only change present in the elf1-21 allele, and the missense mutation GGT to GAT at amino acid 731 (G731D) was the only change present in the elf1-1 allele.
Plasmid Constructions-The pREP81X-elf1 vector was constructed by generating a PCR product that inserted a SalI site upstream of the initiation codon and a BamHI site downstream of the termination codon, using the genomic library clone pUR19-elf1 (26-3-1) as a template. The SalI-BamHI-digested PCR product was then cloned into pREP81X cut with XhoI and BamHI. The green fluorescent protein (GFP) fusion vectors were constructed as follows. GFP was fused to Elf1p at the N terminus by first creating a BamHI site immediately downstream of the initiation codon of elf1 on the pUR19-elf1 plasmid. A BamHI-GFP-BamHI fragment was inserted into the BamHI site. Proper orientation of GFP was checked by PCR and by restriction fragment analysis. The resulting p5Ј-GFP-elf1 plasmid was capable of complementing both the SL1 and SL21 synthetic lethality. In a similar way for tagging the GFP at the C terminus of Elf1p, a SalI site was created immediately upstream of the termination codon on the pUR19-elf1 plasmid. A SalI-GFP-SalI fragment was inserted into the SalI site. The plasmids p5ЈGFP-elf1-1 (G731D) and p5ЈGFP-elf1-21(Q863X) were created from the normal p5Ј-GFP-elf1 plasmid by site-directed mutagenesis with the QuikChange site-directed mutagenesis kit (Stratagene) according to the instruction manual. The mutations were confirmed by sequencing. For expression in E. coli, elf1 and elf1-1 were amplified by PCR as NdeI-XhoI fragments and cloned into the E. coli expression vector pET16b (Novagen) to express polyhistidine-tagged proteins under the control of the T7 promoter.
Spot Assay for Growth-Single transformants were first patched on EMM agar plates in the absence of thiamine (ϪB1) with appropriate auxotrophic selection and then grown in 10 ml in liquid until the stationary phase. 10-fold dilutions (1 ϫ 10 7 cells/ml) were plated in the presence or absence of thiamine (final concentration of B1 was 10 M) on EMM plates without leucine and/or uracil as appropriate. Electron Microscopy-Transmission electron micrographs of sections of S. pombe cells were taken following procedures as described before (29) .
In Situ Hybridization-In situ hybridization method was as described previously (31) with the following modifications. Oligo(dT) 50 carrying an ␣-digoxygenin at the 3Ј-end was used as the hybridization probe and fluorescein isothiocyanate-antidigoxygenin or rhodamineantidigoxygenin as appropriate was used for detecting the hybridization probe by fluorescence microscopy. DAPI was used for observing the DNA.
Expression and Purification of Recombinant Proteins-For expression of His-Elf1p and His-Elf1-1p in E. coli, pET16b containing the respective inserts were transformed into BL21 (DE3). Cultures were grown in 150 ml of LB at 27°C and induced by addition of 0.3 mM isopropyl-1-thio-␤-D-galactopyranoside. The cell pellet was resuspended in 5 ml of lysis buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 20% glycerol, and 2.5 mM ␤-mercaptoethanol). The buffer also contained EDTA-free protease inhibitor mix (Roche Molecular Biochemicals). Cells were lysed by French Press, and the cell debris was removed by centrifugation at 14,000 ϫ g for 30 min. The supernatant was loaded onto a TALON column (CLONTECH) pre-equilibrated with the lysis buffer. Binding of the His-tagged protein was performed for 45 min at 4°C on a turning wheel in the presence of 10 mM imidazole. Bound Elf1p was washed with lysis buffer containing 100 mM imidazole and eluted with the same buffer containing 500 mM imidazole. The eluted protein was later dialyzed into a buffer without imidazole. Protein estimation was performed using the BioRad protein assay system. Purified Elf1p or Elf1-1p (1.5-3 g) was analyzed by Coomassie Blue staining on a 4 -20% polyacrylamide gel.
ATP Binding Assay-Purified Elf1p or Elf1-1p were added to ATP binding buffer (40 mM MES-Tris, pH 6.8, 50 mM KCl, 5 mM sodium azide, 2 mM EGTA, 2 mM dithiothreitol, and 10 mM MgCl 2 ) containing 10 M 8-azido-[␣-
32 P]ATP in the dark on ice and incubated for 10 min. The samples were then photocross-linked by UV illumination at 365 nm on ice as described (32) . Cold ATP (12.5 mM) was added to displace excess non-covalently bound radionucleotide. The samples were then run in denaturing 8% Tris-glycine gels, dried, and exposed to Bio-Max MR films at Ϫ70°C for 12-24 h.
ATP Hydrolysis Assay-As described before (33), ATPase activity of Elf1p was detected in a reaction mixture containing 50 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 1 mM dithiothreitol, 0.1 mM ATP, and 0.1 Ci of [␣-
32 P]ATP. The reaction volume was 20 l. The mixture was incubated at 37°C for 30 min and hydrolysis stopped by addition of 1 l of 0.4 M EDTA. The samples were then placed on ice. 3 l of the reaction mixture were spotted on polyethyleneimine TLC plates and air-dried. The chromatograph was developed with 1 M LiCl and 1 M acetic acid solution. After drying, the TLC plate was exposed to Kodak X-OMAT AR film for 20 s to 30 min.
RESULTS
elf1 Encodes a Non-membrane ABC ATPase and Is Linked to mRNA Export Factor Genes, rae1 and mex67-We previously reported the use of a synthetic lethal screen to identify genes linked to rae1 in the mRNA export process (29, 34) . In that screen, a rae1-167 (ts) mutant strain expressing rae1 ϩ from a thiamine-repressible nmt81 promoter on the pREP81X vector was mutagenized with EMS (27, 28) . The synthetic lethal mutants were isolated as those colonies that could grow in the presence of Rae1p expression (ϪB1) but were unable to grow when expression of Rae1p was repressed (ϩB1). Mutations defining three complementation groups, SL64, SL27, and SL21 were identified. The corresponding synthetic lethal genes for sl64 and sl27 were identified as npp106 (scNIC96) and nup184 (scNUP184), respectively (29, 34) . For this study, we isolated a genomic clone corresponding to the sl21 that complemented the growth and mRNA export defect of SL21 (rae1-167 sl21/ pREP81X-rae1 ϩ ) cells under synthetic lethal conditions (see below). Sequence analysis of the genomic clone revealed an intronless 1057-amino acid ORF (SPAC3C7.08c in the S. pombe data base) with the predicted molecular mass of a 116.7-kDa protein. A purified DNA fragment within the open reading frame rescued the cognate sl21 mutation in SL21. Sequence analyses of two independent PCR-amplified ORF fragments using SL21 genomic DNA as template revealed a single mutation that introduced an ochre termination codon in place of a glutamine at position 863 (Q863X). A Blast search of the protein data base showed that the protein had significant homology with Elf1p, a protein from C. albicans (GenBank TM AF038153) and with a hypothetical ORF (GenBank TM Z73582) from S. cerevisiae, both putative members of the ABC ATPase family (23) . Accordingly, the S. pombe gene was named elf1 (spelf1) and the mutant strain (sl21) was renamed elf1- 21 .
A similar genetic screen was used to identify mutations in genes that are synthetically lethal with ⌬mex67 (16). One of the synthetic lethal gene mutations mapped within the elf1 gene was the mutant gene named elf1-1. Sequence analysis of the elf1-1 mutation showed that the glycine residue at position 731 of the wild type Elf1p was converted to an aspartic acid residue (G731D).
An alignment of S. pombe Elf1p and its putative homologues from S. cerevisiae and C. albicans generated by the ClustalW algorithm is shown in Fig. 1 . These proteins share overall organizational features of the ABC ATPases. Their central and C-terminal regions are highly conserved with a less conserved N-terminal region. The central region contains two ATP binding domains, each consisting of a Walker A, Walker B, and a distinctive C-domain (Fig. 1, boxed and marked) . A common feature of the ABC family of ATPases is that a single ATP binding domain is generally sufficient to bind ATP, but both are required for ATP hydrolysis (24) . Interestingly, the elf1-1 mutation (G731D) maps within the second conserved Walker A domain (GPNGAGKS to GPNGADKS). Additionally, ATP hydrolysis by the ATPases is Mg 2ϩ -dependent, and the aspartate residue in the Walker B domain is essential for Mg 2ϩ binding. The Elf1-21p lacks the second Walker B and the linker region (C-domain) region due to a translational termination codon at position 863.
Interestingly, protein database searches did not reveal any putative homologues in higher eukaryotic cells, suggesting that other proteins may substitute for Elf1p. Elf1p also showed a lower level of homology to a family of non-membrane ABC ATPases whose members include the translational elongation factors, Ef3p from S. pombe, S. cerevisiae, and the fungi. Like Ef3p of S. cerevisiae, Elf1p of S. pombe also does not contain the hydrophobic sequences known to be required for membrane anchoring (35) . However, S. pombe elf3 expressed from a multicopy plasmid did not complement the growth and mRNA export defect of SL21 cells, suggesting that Ef3p is likely not a functional homologue of Elf1p (data not shown). RNA-dependent helicases (S. cerivisiae DBP5) also contain ATPase activity (13), but Elf1p did not UV-cross-link with poly(A)ϩ RNA in vivo and S. pombe dbp5, expressed from a multicopy plasmid, did not functionally complement Elf1p function(s) (data not shown). Thus, Elf1p is not likely to function as an RNA helicase.
The elf1 Gene Is Not Essential for Viability-To determine whether elf1 is an essential gene, most of its coding sequences (amino acids 1-1042) were replaced in the diploid strain by either the ura4 ϩ or the kanamycin gene, respectively. Dissection of the tetrads showed that all four spores formed colonies, and the uracil prototrophy or the resistance to G418 segregated 2:2. The disruption of elf1 in the genome was confirmed by Southern blot hybridization of the genomic DNA digested with restriction enzymes (data not shown). The ⌬elf1 cells grew, albeit slightly slower than the wild type cells in a range of temperatures (21-36°C, see below), suggesting that the null was not temperature sensitive for growth. Thus, the S. pombe elf1 gene is not essential for growth.
GFP Fusions of Elf1p and the Mutants Localize to the Cytoplasm-Elf1p was tagged separately at the C and N terminus with GFP to determine its cellular localization. Both GFP fu-sions were functional and complemented the synthetic lethality of the ⌬elf1 rae1-167 mutation (data not shown), and both localized to the cytoplasm when expressed in the wild type or in the ⌬elf1 strain (Fig. 2, data not shown for the C-terminal GFP fusion). Similarly, the Elf1-1p (G731D) and Elf1-21p (Q863X) tagged with GFP at the N terminus also predominantly localized to the cytoplasm (Fig. 2) . However, about 5-10% of cells expressing GFP-Elf1-21p also showed diffuse staining in the nucleus. We do not know if the Elf1p fusion protein shuttles between the nucleus and the cytoplasm; it did not accumulate in the nucleus following addition of leptomycin, an inhibitor of the Crm1p export receptor.
Mutations in elf1 Are Synthetically Lethal with rae1-167 Mutation-The growth of elf1-21 cells was comparable to that of wild type, rae1-167, and ⌬mex67 cells, although ⌬elf1 and elf1-1 cells grew slightly slower (Fig 3A) . None of the mutant strains showed any mRNA export defect when poly(A)
ϩ RNA was detected in these cells by in situ hybridization (Fig. 3B) . To understand Elf1p function(s), we constructed a series of double mutants by combining ⌬elf1 with ⌬mex, ⌬npp106, ⌬nup184, or rae1-167 mutations, respectively, which were previously shown to be involved in the mRNA export process in S. pombe. The ⌬elf1 ⌬mex67, ⌬elf1 ⌬nup184 as well as ⌬elf1 ⌬npp106 double mutants were viable (Fig. 3A) . Next, we found that a combination of elf1-21 allele and ⌬mex67 also grew normally (Fig. 3A) . None of these viable double mutants showed any significant defect in mRNA export (Fig. 3B , data not shown for ⌬elf1 ⌬nup184 and ⌬elf1 ⌬npp106 double mutants). The combinations of elf1-21 or elf1-1 with ⌬nup184 or ⌬npp106 mutations were not tested. Thus, there was a positive correlation between growth and normal level of mRNA export in the cells carrying the single as well as the non-lethal combination of the double mutations.
In contrast, we found that elf1-1 or ⌬elf1 mutants were synthetically lethal with the rae1-167 mutation (Fig. 3C , compare a and b with e and f). The double mutants required the expression of rae1 ϩ from a weak thiamine-repressible nmt1 promoter in the pREP81X vector to allow growth in a synthetic lethal background. elf1-21 was isolated because of its synthetic lethality with rae1-167 (Fig. 3, i and j) . Similarly, elf1-1 was isolated as a synthetically lethal mutation in combination with ⌬mex67 (Fig. 3C, m and n) . Thus a common mutation, elf1-1, was lethal when combined to either rae1-167 or ⌬mex67. Taken together, these results suggest that Elf1p function is essential for growth in strains where Rae1p function is compromised but is not required in cells where Mex67p function is lost. The viability of ⌬mex67 ⌬elf1 raises the possibility that wild type Rae1p may be able to compensate for the loss of Mex67p and Elf1p functions. Finally, the lethality of elf1-1 ⌬mex67 or elf1-1 rae1-167 indicates a common connection in the functions of all three proteins (see below).
Elf1p Is an Essential mRNA Export Factor in the Rae1-167p Mutant Background-We examined the distribution of poly(A)
ϩ RNA in cells where the rae1-167 mutation was combined with any of the elf1-1, elf1-21, or ⌬elf1 mutations. The double mutant cells incubated under synthetic lethal conditions (18 h in the presence of thiamine) accumulated significant amounts of poly(A) ϩ RNA in the nucleus compared with nonlethal conditions (Fig. 3D compare panels b and a, 
f and e, and j and i). Somewhat lower amounts of poly(A)
ϩ RNA accumulated in the nucleus of most ⌬mex67 elf1-1 cells in the presence of thiamine versus in its absence (compare panels n and m). Thus, there is a correlation between synthetic lethality and ⌬elf1, elf1-21, elf1-1, ⌬mex67, rae1-167, ⌬npp106 , and ⌬nup184 and the double mutants ⌬elf1 ⌬mex67, elf1-21 ⌬mex67, ⌬elf1 ⌬npp106, and ⌬elf1 ⌬nup184 were plated on EMM plates and grown for 5 days (see "Experimental Procedures" for details). B, localization of poly(A)
ϩ RNA in cells shown in A (⌬npp106, ⌬nup184, ⌬elf1 ⌬npp106, and ⌬elf1 ⌬nup184; data are not shown) by in situ hybridization with digoxygenin-labeled oligo(dT) 50 . The digoxygenin was detected by anti-digoxygenin antibody conjugated to the fluorescent moiety of rhodamine or fluorescein isothiocyanate. C, synthetic lethality between double mutants of elf1 and rae1-167 or elf1-1 ⌬mex67 and their suppression by multicopy expression of mex67 or rae1 compared with vector alone (panels a-p) . Panels q and r show the inability of multicopy expression of elf1 to suppress the growth of rae1-167 ⌬mex67 double mutant under synthetic lethal conditions. The double mutant nuclear accumulation of mRNA. Because neither rae1-167 (under permissive conditions) nor any one of the elf1 mutations individually accumulated poly(A) ϩ RNA in the nucleus (Fig.  3B) , the inhibition of mRNA export in cells carrying the double mutations suggests that Elf1p likely compensates for partial loss of Rae1p function in the rae1-167 mutant cells. Furthermore, the accumulation of poly(A) ϩ RNA in the nucleus of ⌬mex67 elf1-1 double mutant cells but not in the ⌬mex67 ⌬elf1 cells suggests that in the absence of Mex67p, the Elf1-1p likely interferes with the Rae1p-mediated mRNA export process (see "Discussion").
Multicopy Expression of mex67/rae1 Can Compensate for the Loss of Elf1p Function in Growth and mRNA Export-The inhibition of mRNA export observed in the synthetic lethal mutants described above could be caused by effects on proteins that participate in the Rae1p-and/or Mex67p-mediated mRNA export processes. We wanted to test whether multicopy expression of Rae1p or Mex67p, respectively, could rescue the growth and mRNA export defect in these cells. The growth and mRNA export defects of elf1-1 rae1-167, ⌬elf1 rae1-167, and elf1-21 rae1-167 under conditions of synthetic lethality were suppressed by expression of mex67 from a multicopy plasmid (Fig  3, C and D, b-d, h-f , and l-j). Multicopy expression of rae1 suppressed the synthetic lethality and mRNA export defect of elf1-1 ⌬mex67 (Fig. 3, C and D, p-n) . In contrast, multicopy expression of elf1 was unable to suppress growth and mRNA export defects of the rae1-167 ⌬mex67 double mutant under synthetic lethal condition (Fig. 3, C and D, q and r) . Expression of Elf1p in rae1-167 ⌬mex67 cells under non-lethal and synthetic lethal conditions was comparable (data not shown). Thus, the lack of suppression was not due to an inadequate amount of functional Elf1p. One possible explanation of why the synthetic lethality of rae1-167 ⌬mex67 was not rescued by multicopy elf1 expression could be due to its inability to substitute for their functions at multiple steps in the export process. On the other hand, the ability of multicopy expression of mex67 to suppress the growth and mRNA export defect due to the loss of elf1 function in rae1-167 background, suggests that either Mex67p substitutes for Elf1p function in the Rae1p-mediated pathway, or it utilizes a separate Mex67p-dependent mRNA export machinery.
Nuclear Envelope Integrity, Nuclear Import of a Reporter Protein, and mRNA Splicing Are Unaffected in rae1-167 ⌬elf1 Cells-We compared the nuclear envelope integrity of ⌬elf1 rae1-167 cells under synthetic and non-synthetic lethal conditions by transmission electron microscopy. Neither the structure of the nuclear envelope nor the distribution of nuclear pores appeared to be defective under normal or synthetic lethal conditions (Fig. 4A, ϪB1 and ϩB1) . These results suggest that the loss of elf1 function does not cause gross morphological defects in the overall architecture of the nuclear envelope in ⌬elf1 rae1-167 cells that could contribute to the inhibition of mRNA export. To test whether nuclear pore function was affected in cells carrying elf1 mutations, nuclear protein import of NLS (Mex67)-GFP (16) reporter protein was examined in the single mutant cells, synthetic lethal cells, and in wild type cells. The reporter predominantly localized to the nucleus in all strains (data not shown). Here the data are presented with the wild type strain and the double mutant ⌬elf1 rae1-167 and elf1-1 ⌬mex67 under non-synthetic lethal and synthetic lethal conditions (all others showed the same result). When the cells were depleted for energy by incubation for 45 min in glucosefree medium containing sodium azide and 2-deoxyglucose, the low molecular weight reporter protein diffused into the cytoplasm (Fig. 4B, top panels) . The cells were then washed and returned to glucose-containing medium to restore energy. This allowed a rapid nuclear re-import of the NLS (Mex67)-GFP reporter protein in the wild type and the double mutant cells under synthetic lethal conditions (Fig. 4B, bottom panels) . These results suggest that some of the nucleo-cytoplasmic transport functions are intact in the double mutants under synthetic lethal conditions; therefore, the mRNA export defects are not likely caused by the loss of import.
To determine if splicing was defective in the elf1 mutants, total cellular RNA was isolated and purified from wild type, ⌬elf1 cells, and the ⌬elf1 rae1-167 double mutant cells grown in the presence of B1. Using reverse transcriptase (RT)-PCR, we compared the splicing pattern for ␤-tubulin mRNA in these RNA samples (Fig. 4C) . As a control for pre-mRNA we amplified by PCR the coding region corresponding to the ␤-tubulin genomic DNA. The RT-PCR generated cDNA fragments migrated with a single band of the expected size for mature ␤-tubulin mRNA (1428 nucleotides). Based on this analysis we concluded that splicing was probably not defective in the ⌬elf1 rae1-167 double mutant.
Purified Elf1p Protein Exhibits ATPase Activity-The elf1-1 mutation changes a conserved glycine residue to aspartic acid located within the second Walker A motif of the catalytic domain of the ATPase, and this mutation is known to affect nucleotide hydrolysis by ATPases. We wanted to determine if Elf1p and the Elf1-1p hydrolyzed ATP. The N-terminal Histagged Elf1p and Elf1-1p were expressed and purified from bacterial extracts by metal affinity chromatography and were used in an in vitro assay where hydrolysis of [␣- 32 No contaminating ATPase activity copurified from bacterial extracts since a His-tagged spMex67p purified from E. coli by the same procedure also failed to hydrolyze ATP (lane 7). Further, incubation on ice or in the presence of EDTA (which chelates Mg 2ϩ ) abolished the ATP hydrolysis by Elf1p (lanes 1 and 2) . In contrast, Elf1-1p failed to hydrolyze detectable amounts of radiolabeled ATP under identical conditions (lanes 5 and 6). Identical aliquots of purified Elf1p and Elf1-1p that were used for the hydrolysis assay were electrophoresed on SDS-PAGE gels and detected by Western blot analysis using a polyclonal antibody to Elf1p to ascertain that amounts of both proteins were comparable in each assay reaction (Fig. 5B, lanes 1-6) . These results are consistent with a Mg 2ϩ -dependent, enzymatic ATP hydrolysis activity by Elf1p. The results also show that the mutant Elf1-1p has lost its catalytic activity.
Elf1-1p Binds 8-Azido-[␣-32 P]ATP-Because Elf1-1p did not
strains and the complementing plasmids used are indicated. The complementing plasmids express rae1 (prae1), mex67 (pmex67), or elf1 (pelf1) from their own genomic promoters in pDW232 (vector). Cells were grown to stationary phase and serial dilutions spotted onto EMM agar plates with appropriate selection without (ϪB1) or with B1 (ϩB1) to repress the expression of rae1 or mex67 in the double mutant strains. Cell growth was monitored after 5 days at 27°C. D, in situ hybridization was performed to detect poly(A) ϩ RNA localization in the cells under non-synthetic and synthetic lethal growth conditions (presence of B1 for 18 h) in the double mutants used in C. The suppression of mRNA export defect by multicopy expression of mex67 or rae1 is indicated (compare panels b, f, j, n to d, h, l, p, respectively) . Poly(A)
ϩ RNA export defect in rae1-167 ⌬mex67 cells under non-synthetic and synthetic lethal condition in the presence of multicopy expression of elf1 (q and r). Coincident DAPI-stained cells are shown in the bottom panels.
hydrolyze ATP, we wanted to know whether it could bind ATP. The purified Elf1p and Elf1-1p proteins were analyzed in an in vitro assay for ATP binding (32) . In this assay we used an this assay, Elf1p produced a radiolabeled signal (Fig. 5C, lane  1) . Addition of excess unlabeled ATP before UV cross-linking led to a disappearance of the band (Fig. 5C, lane 2) . These results show that Elf1p can specifically bind ATP. Similarly, the mutant Elf1-1p also bound 8-azido-ATP to levels comparable to the wild type Elf1p (compare lane 3 with 1), and the binding could be similarly competed by the addition of excess unlabeled ATP (lane 4). Equal aliquots of both proteins were analyzed on an SDS-PAGE gel and stained by Simply Blue (Invitrogen) to ensure that equal quantities of proteins were used for binding studies (Fig. 5D) . These results suggest that the inability to hydrolyze ATP by the Elf1-1p is probably due to a step that occurs after ATP binding. It is possible that the defect(s) may be associated with conformational changes after ATP binding and/or in the actual catalytic steps.
DISCUSSION
In this article, we have described the isolation and characterization of a mRNA export factor Elf1p from S. pombe. Elf1p is a member of the ABC class of ATPases, which are located in the cytoplasm and are not membrane-associated (24) . It is not an essential gene for growth and for mRNA export. However, it plays an essential role in mRNA export when Rae1p function is compromised. The growth and mRNA export defects of elf1 mutations when combined with rae1-167 mutation can be suppressed by multicopy expression of mex67. These results indicate that Elf1p functions directly in the mRNA export process.
In previous genetic screens with the rae1-167 allele, we isolated mutations in the genes of two pore proteins Npp106p and Nup184p (29, 34) . In the present study, we found that rae1-167 mutation is genetically linked to mutations in elf1. In contrast to Npp106p and Nup184p, the bulk of Elf1p is likely not poreassociated. Both GFP-Elf1p or GFP-Elf1-1p were predominantly localized in the cytoplasm whereas a tiny fraction of cells (ϳ5-10%) containing the mutant GFP-Elf1-21p showed some diffused nuclear signal (Fig. 2) . The significance of this observation is unclear. Mutations in elf1 also did not affect pore structure and function. However, because Rae1p is pore-associated and is genetically linked to elf1, the latter could still function at the pore and/or interact directly or indirectly with Rae1p at the pore. We found no direct interaction between Elf1p and Rae1p using purified proteins made in E. coli. We also found no evidence for their interaction in S. pombe in pull-down experiments utilizing a His-tagged Elf1p (data not shown). Though we cannot rule out the possibility of transient or weak interactions between Elf1p and Rae1p under our experimental conditions, Elf1p was likely not stably associated with Rae1p.
The role of Elf1p in mRNA export was largely discovered by examining its genetic interactions with rae1 and mex67 mutants. The functional relationship between Mex67p and Rae1p/ Gle2p in mRNA export suggests that these two proteins likely function in parallel/alternate mRNA export pathways sharing some common export factors. Is Elf1p an mRNA export factor in the Mex67p-mediated mRNA export pathway or is it functionally linked to Rae1p? We tried to address this question by analyzing the genetic interactions as diagramed in Fig. 6 by considering two hypothetical scenarios.
Scenario One: Elf1p Functions in the Mex67p-mediated Pathway-A simple explanation for the viability of ⌬elf1 ⌬mex67 cells could be that Elf1p and Mex67p function in mRNA export in a common complex or a common pathway (Fig. 6a) . Thus their null mutations would be epistatic with each other because 4) and the other part was not (lanes 1 and 3) . The samples were then cross-linked by UV illumination at 365 nm on ice as described (32) . Ice-cold ATP (12.5 mM) was added to displace excess non-covalently bound radionucleotide.
neither is essential for mRNA export in S. pombe. However, no direct or indirect association was detected between Elf1p and Mex67p (data not shown) making it less likely for them to be present in the same complex. Regardless of whether Elf1p functions through Mex67p or not, these observations demonstrate that Rae1p can mediate mRNA export in the absence of Elf1p and Mex67p. Because in the rae1-167 mutant background both Mex67p and Elf1p become essential, Elf1p could function as a component of the Mex67p-mediated alternative mRNA export pathway (Fig. 6b) . One implication of this possibility is that the mutations in elf1 compromise mex67 function in the rae1-167 background.
Scenario Two: Elf1p Functions in the Rae1p-mediated Pathway-Because rae1 is essential for mRNA export in S. pombe, and all the elf1 mutations were synthetically lethal with the rae1-167 mutation, Elf1p could be a component of the Rae1p-mediated mRNA export pathway (Fig. 6c) . The loss of Elf1p function could partially inactivate the pathway, and the presence of the Rae1-167p mutant protein could further inhibit mRNA export. Because the elf1-1 mutation is synthetically lethal with ⌬mex67, in the elf1-1 ⌬mex67 (with wild type rae1 ϩ ) background, Elf1-1p most likely inhibits mRNA export by affecting Rae1p function (Fig. 6d) . This inhibition of Rae1p function could be suppressed by multicopy expression of rae1 suggesting a trans-dominant effect of Elf1p on Rae1p function. This effect could be mediated by direct interaction of Elf1p with the components of the Rae1p pathway or indirectly through other factors that affect Rae1p function. Interestingly, this inhibition was also suppressed by multicopy expression of mex67. It is unlikely that Mex67p directly substitutes for Rae1p functions or releases it from some inhibited complexes. It is more likely that Mex67p operates an alternative mRNA export pathway. However, at this time we cannot differentiate whether Elf1p functions as a non-essential component of the Rae1p-mediated or the Mex67p-mediated mRNA export pathway.
How does Elf1p perform its function? Elf1p binds and hydrolyzes ATP in vitro. In Elf1-1p, a mutation in the Walker A domain changes a conserved glycine to aspartic acid (G731D). This mutant protein bound ATP like the wild type protein, but unlike the wild type, it was unable to hydrolyze ATP. Since this mutant protein was unable to participate in mRNA export, it is likely that Elf1p performs its function by hydrolyzing ATP. As Elf1p is not essential, an analogous function may exist in Rae1p-mediated mRNA export pathway. If the function of Elf1p is to bring about conformational changes that accompany ATP hydrolysis, then it may be possible for other factors to achieve the same outcome without consuming ATP. The mutant Elf1-1p could inhibit normal mRNA export by interfering with the Rae1p-mediated mRNA pathway specifically by preventing assembly/disassembly/unidirectional movement of mRNP complexes.
The current results expand our understanding of some of the Rae1-167p functions in mRNA export. The rae1-167 mutation likely leads to a partial loss of Rae1p function. The synthetic lethalities of this mutation with both ⌬mex67 and ⌬elf1 suggests that Rae1-167p has simultaneously lost at least two separate functions, one that specifically requires the function of Mex67p and the other that requires the ATPase function of Elf1p. The ability of multicopy expression of mex67 to complement the growth and mRNA export defect in elf1 rae1-167 double mutants further demonstrates that the functions of Mex67p and Rae1p are intertwined in mRNA export. Even if they could operate mRNA export independently from each other, they likely utilize some common mRNA export factor(s). Both Mex67p and Rae1p interact with Nup98p/Nup116p (36, 37) , and overexpression of Mex67p in wild type cells inhibits mRNA export presumably by titrating some common factors that participate in the Rae1-mediated mRNA export pathway (16) . Mex67p is thought to function as a carrier of mRNA by linking mRNP complexes to the nuclear pores, and Rae1p may also function similarly. Alternatively, mRNP complexes could be brought to Rae1p at the pore by some pore-targeting factors.
